ABSTRACT LiNi0.5Mn1.5−xSnxO4 (0 ≤ x ≤ 0.1) cathode materials with uniform and fine particle sizes were successfully synthesized by a two-step calcination of solid-state reaction method. As the cathode materials for lithium ion batteries, the LiNi0.5Mn1.48Sn0.02O4 shows the highest specific capacity and cycle stability. In the potential range of 3.5-4.9 V at room temperature, LiNi0.5Mn1.48Sn0.02O4 composite material shows a discharge capacity of more than 117 mA h g −1 at 0.1 C, while the corresponding discharge capacity of undoped LiNi0.5Mn1.5O4 is only 101 mA h g −1 . Moreover, in cycle performance, all the LiNi0.5Mn1.5−xSnxO4 (0 ≤ x ≤ 0.1) samples show better capacity retention than the undoped LiNi0.5Mn1.5O4 at 1 C rate after 100 cycles. Especially, for the LiNi0.5Mn1.5O4, the discharge capacity after 100 cycles is 90 mA h g −1 , while the corresponding discharge capacities of the undoped LiNi0.5Mn1.5O4 is only 56.1 mA h g −1 . The significantly enhanced DLi + and the enlarged electronic conductivity make the Sn-doped spinel LiNi0.5Mn1.5O4 material present even more excellent electrochemical performances. These results reveal that Sn-doping is an effective way to improve electrochemical performances of LiNi0.5Mn1.5O4.
INTRODUCTION
Recently, the Li-ion battery has been considered a potential energy source for the electric vehicle and hybrid electric vehicle because of its high energy density and long cycle life [1] . Among numerous transition metal oxides applied to the cathode in Li-ion batteries, the Ni-doped manganese spinel oxide LiNi0.5Mn1.5O4 has become one of the most promising and attractive candidates due to its excellent properties such as high voltage (4.8 V vs. Li/Li + ) [2] , three-dimensional lithium ion diffusion paths in the spinel lattice, low cost of raw materials, and environmental friendliness.
However, spinel LiNi0.5Mn1.5O4 suffers from a corrosion reaction between the cathode surface and the electrolyte at 5 V, leading to poor rate stability, especially at elevated temperatures [3] [4] . Hence, LiNi0.5Mn1.5O4 still has non-negligible capacity fading during cycling due to the structural and chemical instabilities resulting from the presence of Mn 3+ ions. To solve this problem, researchers have put forth many solutions such as surface-coating [5] [6] [7] , nanostructuring [2] , and cationic-doping with ions such as Mo 6+ [8] , Cr 3+ [9] , B 3+ [10] , Ti 4+ [11] , Al 3+ [12] , and W 4+ [13] . All these doped metal cations can induce differences in the cycle properties and electrical conductivity of LiNi0.5Mn1.5O4 to different extents. In most cases, a stable structure, minimized polarization, and improved electrical conductivity were obtained via substitution. However, some doping metals could also have detrimental effects. To the best of our knowledge, Sn doping has been reported to be favorable in Li3V2−xSnx(PO4)3/C [14] , LiNi0.8−xCo0.2SnxO2 [15] , Li3.9Sn0.1Ti5O12 [16] , LiFe1−xSnxPO4/C [17] , and other Li-based materials. Nevertheless, little attention has been paid to Sn-doping in LiNi0.5Mn1.5O4 materials.
LiNi0.5Mn1.5O4 has been synthesized by various methods including solid-state reactions [3, [18] [19] [20] , sol-gel synthesis [9, 21] , co-precipitation [22, 23] , spray pyrolysis [24] , electrophoretic deposition [25] , pulsed laser deposition [26] , molten salt method [27] , emulsion drying [28] , and hydrothermal method [29] . Among these methods, the wet chemical method shows high phase purity and excellent electrochemical performance in general, but at the cost of complicated technique and high production cost, which makes the wet chemical method difficult to apply in practice. In contrast, the solid-state method is facile, cheap, and easy to industrialize. Wang et al. [3] synthesized LiNi0.5Mn1.5O4 through a two-step calcination method with lower charge transfer resistance and higher lithium ion diffusion coefficient leading to better electrochemical performance. Therefore, in this study, we synthesized a Sn-doped LiNi0.5Mn1.5−xSnxO4 material by a two-step calcination method to obtain materials with high purity, regular particle morphology, and uniform particle size distribution. Moreover, the effects of Sn-doping on the structure and electrochemical properties were further investigated in detail.
EXPERIMENTAL

Material synthesis
In this study all chemical reagents were of A.R. grade. Pure LiNi0.5Mn1.5O4 was prepared by a two-step solid-state method. First, LiOH·H2O, NiCO3·2Ni(OH)2·4H2O, and MnO2 (cationic mole ratio of Li:Ni:Mn = 1.05:0.5:1.5) were mixed in a planetary ball-mill for 3 h using anhydrous ethanol as dispersant. Second, the chemical mixture was dried for 3 h in an air oven followed by grinding of the mixture to fine powder. Then the powder was transferred to a vacuum oven for 6 h. Third, the fine powder was calcined at 800°C for 24 h and then cooled naturally to room temperature, followed by grinding again. Finally the precursor was preheated at 800°C for 0.5 h and calcined at 600°C for 12 h. After naturally cooling to room temperature, the calcined product was ground again to get the pure LiNi0.5Mn1.5O4.
The Sn-doped LiNi0.5Mn1.5O4 composites were obtained through the same method. The raw materials were SnO2, LiOH·H2O, NiCO3·2Ni(OH)2·4H2O, and MnO2, and the stoichiometric molar ratio of LiOH·H2O: NiCO3·2Ni(OH)2·4H2O: MnO2: SnO2 was 1.05:0.17:(1.5−x):x (x = 0.00, 0.01, 0.02, 0.05, 0.10).
Material characterization
Powder X-ray diffraction (XRD) was performed to characterize the structure of the LiNi0.5Mn1.5−xSnxO4 (x = 0, 0.01, 0.02, 0.05, 0.1) with Cu-Kα (40 kV, 30 mA, step size 0.02°, 10°-90°). Structural analyses of the samples were also performed by Raman spectroscopy (Renishaw in Via, Britain) using a 532 nm excitation laser. The particle morphologies of the samples were observed by scanning electron microscopy (SEM, EVOHD 15, Zeiss, German), applying a Quanta-450 SEM instrument to catch the image of the sample. The elemental analyses were performed using an energy dispersive spectrometer (EDS, OCTANE PLUS, EDAX) with operating voltage of 20 kV and minimum spot size of 1 μm.
Electrochemical measurements
The as-prepared materials were mixed with carbon black and polyvinylidene fluoride in a mass ratio of 8:1:1, and then dispersed in N-methyl pyrrolidone (NMP) to get a slurry. The slurry was coated onto an aluminum current collector; the cathode material loading was 2-3 mg cm −2 . Then the aluminum foil was transferred to an air oven and dried at 80°C, dried in a vacuum oven at 120°C for 4 h, then pressed into circles of diameter 15 mm. CR2025 type coin-cells were assembled in an argon-filled glove box (Universal 2440/750, Mikrouna) with moisture and oxygen content less than 0.1 ppm. High-purity lithium metal was used as the counter electrode, and a polypropylene membrane (Celgard 2400) as the separator. The electrolyte contained 1mol L −1 LiFP6 in a 1:1 (v/v) mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC). After assembly, the cells were allowed to rest for 10 h before electrochemical characterization.
Charge-discharge performance was characterized galvanostatically on a Land 2000T (China) tester [30] at various current densities over the voltage range of 3.5-5.0 V vs. the Li/Li + electrode at ambient temperature (25°C). Cyclic voltammograms (CVs) were recorded with an electrochemical window from 3.5 to 5 V using a CHI 1040B electrochemical workstation with a 0.1 mV s −1 scan rate. The electrochemical impedance spectroscopy (EIS) measurement of the cell was performed using a CHI 660a electrochemical workstation with frequency ranging from 0.01 Hz to 100 kHz and alternative current signal amplitude of 5 mV.
RESULTS AND DISCUSSION
The XRD patterns of LiNi0.5Mn1.5−xSnxO4 (x = 0, 0.01, 0.02, 0.05 and 0.1) are shown in Fig. 1 . According to Fig. 1 , the peaks of the samples are similar and all of them match the standard pattern (JCPDS No. 80-2162) apparently, suggesting that a single phase LiNi0.5Mn1.5O4 spinel was obtained. It is worth noting that there are three new peaks at 2θ = 26.5°, 34°, and 52°in the LiNi0.5Mn1.5−xSnxO4 (x = 0.02, 0.05, 0.1) samples, which are attributed to SnO2. Moreover, the intensities of these three peaks in Fig. 1 become stronger with increase in the amount of Sn in the LiNi0.5Mn1.5−xSnxO4; it may be caused by the excess of SnO2 that could not react with other raw materials completely, which remained as SnO2. Therefore, there are specific peaks of SnO2 in the LiNi0.5Mn1.5−xSnxO4 (x = 0.05, 0.1) XRD spectra. Combining the discussions above, the Sn-doped LiNi0.5Mn1.5O4 material has been successfully obtained by this two-step solid-state method.
According to previous reports [31, 32] , spinel LiNi0.5Mn1.5O4 has two different space groups: the Fd-3m (F-type) and the P4332 (P-type) space group. To distinguish more clearly the P4332 (P-type) from the Fd-3m (F-type), Raman spectra were used. The Raman spectra of the LiNi0.5Mn1.5−xSnxO4 (x = 0, 0.01, 0.02, 0.05, 0.1) powders are plotted in Fig. 2 . Small peaks characteristic of LiNi0.5Mn1.5O4 ordered in the space group P4332 were detected between 200 and 260 cm −1 in the samples. According to Oh et al. [31, 33, 34] , in the Raman spectrum of LiNi0.5Mn1.5O4 the strong band around 630 cm −1 is assigned to the symmetric Mn-O stretching mode of octahedral MnO6 (A1g), and both peaks around 400 and 490 cm −1 are associated with the Ni 2+ -O stretching mode. The peak near 580-630 cm −1 is considered as T2g (3) of the spinel compound. Clear splitting of the T2g (3) band was observed. Thus, the results indicate that all the samples are in the P4332 space group. Meanwhile, with the increase of Sn content, the splitting of T2g (3) band which is related to the symmetric Mn-O stretching mode of MnO6 octahedral (A1g) gradually lowers. It indicates that the space group changes from P4332 type to Fd-3m type. Therefore, the introduction of Sn 4+ contributes to the degree of disorder but does not change the space group. According to Strobel et al. [35] , the charge difference between Mn and M is the main driving force for such an octahedral cation ordering in Li2Mn3MO8. Therefore, in the LiNi0.5Mn1.5−xSnxO4 material, the charge difference between Mn and M increases with the increase of Sn 4+ , resulting in the cation ordering degree decreasing correspondingly. Fig. 3 shows the SEM micrographs of LiNi0.5Mn1.5−xSnxO4 (x = 0, 0.02). As can be seen in Fig. 3a , the LiNi0.5Mn1.5O4 sample has a particle size distribution in the range of 1-2 μm with a little agglomeration, while the LiNi0.5Mn1.48Sn0.02O4 sample has smaller particle size and narrower particle size distribution (Fig. 3c) . In the magnified SEM images of the LiNi0.5Mn1.5−xSnxO4 (x = 0, 0.02) shown in Fig. 3b, d , the morphologies of LiNi0.5Mn1.5−xSnxO4 (x = 0, 0.02) are octahedral, consistent with the result reported by Wang et al. [36] . These observations confirm that the addition of Sn 4+ decreases the particle size slightly but does not significantly change the morphology of LiNi0.5Mn1.5O4. The smaller particle resulted in sufficient contact between the active materials and electrolyte, which is favorable for the diffusion and transmission of Li + in the electrode material [37] . In order to prove that Sn 4+ was homogeneously doped in LiNi0.5Mn1.5O4 , EDS mapping images and EDS spectrum of x = 0.02 material are shown in Fig. 4 . According to Fig.  4b-f , the presence of Sn, Mn, Ni, and O can be found. In the EDS spectrum of LiNi0.5Mn1.5−xSnxO4 (x = 0.02) (Fig. 4g) , most of the elements found on the surface are Mn, Ni, Sn, and O from the LiNi0.5Mn1.5−xSnxO4 particles. These images confirm that Sn 4+ has been doped in the LiNi0.5Mn1.5O4 material successfully and that the distribution of Sn is homogeneous. Fig. 5 shows the charge-discharge curves of the prepared LiNi0.5Mn1.5−xSnxO4 (x = 0, 0.01, 0.02, 0.05, 0.1) materials carried out at room temperature in the 3.5-4.9 V range, at a current density of 0.1 C. There is an obvious plateau around 4.7 V, which reflects the Ni 2+ /Ni 4+ redox reaction [38] , and the cells of x = 0, 0.01, 0.02, 0.05, 0.1 exhibit discharge capacities about 101, 109.5, 117.9, 94, 85.6 mA h g −1 at 0.1 C, respectively. In comparison, LiNi0.5Mn1.5−xSnxO4 (x = 0.02) exhibits the highest discharge capacity and delivers a discharge capacity~16% higher than the undoped LiNi0.5Mn1.5O4.
According to other studies [4, 39, 40] , the plateau around 4.0 V reflects the redox reaction of the Mn 3+ /Mn 4+ couple. However, the 4.0 V plateaus of our materials are too tiny to be distinguished, indicating that a small amount of Mn 3+ exists in the samples [34] . This result is consistent with the Raman results mentioned above, indicating that the space group of the material synthesized by two-step calcination was P4332 (P-type).
The cyclic performances of LiNi0.5Mn1.5−xSnxO4 (x = 0, 0.01, 0.02, 0.05, 0.1) at 1 C in the potential range of 3.5-4.9 V at room temperature are shown in Fig. 6 . It can be observed from Fig. 6 that all the Sn-doping materials give higher specific discharge capacity at the rate of 1 C after 100 cycles than the undoped material. The discharge capacity of the undoped LiNi0.5Mn1.5O4 was 56.1 mA h g −1 after 100 cycles, and the discharge capacity retention was only 93.34%. However, the discharge capacities of the LiNi0.5Mn1.5−xSnxO4 (x = 0.01, 0.02, 0.05, and 0.1) samples were improved to various degrees. When x = 0.01, the discharge capacities of the 1st and 100th cycles were 74.9 and 70.6 mA h g −1 , respectively, at 1 C, with discharge retention of 94.25%. When x = 0.02, the discharge capacities of the 1st and 100th cycles were 92 and 90 mA h g −1 , respectively, with discharge retention of 97.84%. When x = 0.05 and x = 0.1, the discharge capacities of the 100th cycles were 65.1 and 61 mA h g −1 , respectively. In comparison, the LiNi0.5Mn1.5−xSnxO4 (x = 0.02) material has higher specific capacity retention and cycle performance than LiNi0.5Mn1.5−xSnxO4 (x = 0, 0.01, 0.05, 0.1), with initial specific capacity of 92 mA h g −1 and smaller specific capacity fade. The excellent cycle performance could be attributed to the structural stability. A small amount of Sn 4+ doping could stabilize the structure of the material, whereas the existence of too many Sn 4+ cations in the crystal lattice may induce large changes to the structure and cause irreversible phase transfer [17, 41] . The capacity increases slightly at the outset, which is attributed to the expansion of the electrode materials and the electrolyte wetting the electrode material during the charge-discharge progress [35] . . Meanwhile, the voltage difference between the anodic and cathodic peaks reflects the degree of polarization of the electrode, and is also affected by the degree of disorder of the cations and the extraction/rein-sertion rate of Li + in the spinel structure [45, 46] . To understand the reversibility of the electrode material, we calculated the voltage differences between the two split peaks near 4.7 V. Results are shown in Table 1 . ∆Ep for , the degree of disorder of the cations increases correspondingly, resulting in larger polarization and irreversibility. The value of ∆Ep for LiNi0.5Mn1.5−xSnxO4 (x = 0.02, 0.05, 0.1) are similiar. It can be concluded that an excess amount of Sn-doping has negligible impact on the reversibility of the electrode.
To comprehensively understand the improvement of the electrochemical performance after Sn-doping, EIS measurements were carried out. The electrochemical dynamic behaviors of the LiNi0.5Mn1.5−xSnxO4 (x = 0, 0.01, 0.02, 0.05, 0.1) cells were analyzed and the results are shown in Fig. 8 . In the plot there are five semicircles in the high frequency range, which corresponds to the charge-transfer resistance. Meanwhile, there are five straight lines with different slopes at low frequency, which are related to the lithium-diffusion process [47] . It is convincing that the resistance of LiNi0.5Mn1.5−xSnxO4 (x = 0.02) is obviously lower than the other samples, indicating a higher lithium-diffusion coefficient and lower charge-transfer resistance of the LiNi0.5Mn1.5−xSnxO4 (x = 0.02) material than the primitive LiNi0.5Mn1.5O4 material.
Further, we calculated the values of Rs and Rct, which are related to the resistance of the electrolyte and the charge transfer resistance at the particle/electrolyte interface, respectively [47] . The results are shown in Table 2 . Comparing the results for Rs, there is little influence on Rs after Sn-doping, while Rct changes markedly. With the increase of the amount of Sn-doping, the Rct reduces, whereas when the amount of Sn-doping rises to 0.05, Rct increases dramatically. It may be caused by excess Sn 4+ blocking the transfer path of electrons and increasing the resistance.
Furthermore, we calculated the lithium ion diffusion coefficient from the EIS plots in the low-frequency region according to the following equations [48] :
where R is the gas constant, T is the absolute temperature, ω is the angular frequency, n represents the number of electrons per molecule during oxidization, F is Faraday's constant, CLi is the concentration of lithium ion in the solid, and σ is the Warburg factor. The Zre-ω −0.5 plots of the cells mentioned above are presented in Fig. 9 . The values of ω for LiNi0.5Mn1.5−xSnxO4 (x = 0, 0.01, 0.02, 0.05, 0.1) are 
CONCLUSIONS
LiNi0.5Mn1.5−xSnxO4 (x = 0, 0.01, 0.02, 0.05, 0.1) materials were synthesized by a solid-state two-step calcination method. Sn doping contributes to the degree of disorder, leading to better electrochemical performance. However, Sn-doping does not change the space group; all the materials maintained the spinel structure with P4332 space group. Based on the discussion mentioned above, we can conclude that the LiNi0.5Mn1.48Sn0.02O4 material shows the superior specific capacity of 117.9 mA h g −1 at the first cycle, and has a better rate capability than the primitive LiNi0.5Mn1.5O4 material. Meanwhile, the LiNi0.5Mn1.48Sn0.02O4 material retains 97.84% capacity retention after 100 cycles at charge-discharge rate 1 C and the rate performance of LiNi0.5Mn1.5O4 is also greatly improved by Sn-doping. Moreover, the significantly enhanced DLi + and the enlarged electronic conductivity make the Sn-doped spinel LiNi0.5Mn1.5O4 material present even better electrochemical performances, suggesting that the idea of Sn-doping has a positive effect.
